Abstract. At present, there is no accurate method for evaluating the quality of liver transplant from a brain-dead donor. Proteomics are used to investigate the mechanisms involved in brain death-induced liver injury and to identify sensitive biomarkers. In the present study, age-and gender-matched rabbits were randomly divided into the brain death and sham groups. The sham served as the control. A brain-death model was established using an intracranial progressive pressurized method. The differentially expressed proteins extracted from the liver tissues of rabbits that were brain-dead for 6 h in the two groups were determined by two-dimensional gel electrophoresis and matrix-assisted laser desorption ionization time of flight mass spectrometry. Although there was no obvious functional and morphological difference in 2, 4 and 6 h after brain death, results of the proteomics analysis revealed 973±34 and 987±38 protein spots in the control and brain death groups, respectively. Ten proteins exhibited a ≥2-fold alteration. The downregulated proteins were: aldehyde dehydrogenase, runt-related transcription factor 1 (RUNX1), inorganic pyrophosphatase, glutamate-cysteine ligase regulatory subunit and microsomal cytochrome B5. By contrast, the expression of dihydropyrimidinase-related protein 4, peroxiredoxin-6, 3-phosphoinositide-dependent protein kinase-1, 3-mercaptopyruvate and alcohol dehydrogenase were clearly upregulated. Immunohistochemistry and western blot analysis results revealed that the expression of RUNX1 was gradually increased in a time-dependent manner in 2, 4, and 6 h after brain death. In conclusion, alteration of the liver protein expression profile induced by brain death indicated the occurrence of complex pathological changes even if no functional or morphological difference was identified. Thus, RUNX1 may be a sensitive predict factor for evaluating the quality of brain death donated liver.
Introduction
Brain death refers to the irreversible loss of all functions of the brain, including the brainstem. Legal recognition of donor sources, as well as the expansion of origin of the donor source are crucial factors that remain to be addressed (1, 2) . Since the establishment of the first brain-death donor model in the late 1960s and early 1970s, solid organ transplantation from brain-dead donors has become common in western countries (3) . In China, the rapid progress in organ transplant legislation and establishment of voluntary donation, donation after brain death (DBD) or cardiac death (DCD) has gradually replaced deceased donors and is due to become the main source of donors (4) (5) (6) . However, the quality of brain-dead donors was comparatively worse than that of deceased donors. Subsequently, recent or long-term transplant efficacy was not successful (7) (8) (9) .
Numerous studies have reported that the changes of hemodynamics and metabolic parameters (10, 11) , hormonal changes and the endocrines (12) (13) (14) , the consumption of coagulation factors (15, 16) , the release of inflammatory cytokines and the change of immunological states (10, (17) (18) (19) (20) may be responsible for the injury of brain death-donated organs. However, the detailed mechanism involved remains to be clarified. Additionally, accurate methods for identifying the quality of brain death donor organs remain to be identified.
Protein is considered the ultimate performer of various biological functions and proteomics is the classical method used for the screening of specific biological markers (21, 22) . Using two-dimensional gel electrophoresis and matrix-assisted laser desorption ionization time of flight mass spectrometry, the purpose of this study was to detect alterations in the liver Gel image acquisition and analysis. The Coomassie Brilliant Blue R-350 (Amersham Biosciences, Amersham, UK) and PDQuest 2D analysis software (Bio-Rad) were used to stain 2-DE gel images and detect protein spots, respectively. Sensitivity parameters were simultaneously reproduced for each gel image and spot detection and matching were manually revised in the software. Based on the three independent pools of biological material, reproducible protein patterns were measured by the presence of each individual protein in three replicate gels. The intensity of each protein spot was normalized to the total density in the gel.
Brain death induces the alteration of liver protein expression profiles in rabbits
Protein identification. Following excision from the gel, the protein spots were subjected to destaining, washing and in-gel digestion with protease trypsin at 37˚C overnight. Subsequently, peptides were extracted from the gel and dried by centrifugal lyophilization. The peptide mixtures were redissolved in 0.5% TFA and analyzed using a 4700 Proteomics Analyzer (Applied Biosystems, Inc., Foster City, CA, USA). The Mascot software (Matrix Science, London, UK) was used for protein identification and the mass spectra were searched in the Swiss-Prot protein database. Protein scores >56 were considered as significant. If one spot matched >1 protein member, the one with the highest score was taken into consideration.
Re-identification of typical protein.
In order to further identify these different proteins, randomly runt-related transcription factor 1 (RUNX1) was selected and the difference with immuno histochemistry and western blot analysis in the brain death and control groups was re-identified.
The liver tissues obtained from the control and experimental groups at 2, 4, 6 and 8 h after brain death were deparaffinized and the endogenous peroxidase was blocked with 3% H 2 O 2 for 10 min. The tissues were then incubated with primary polyclonal rabbit antibody against RUNX1 (1:500) and β-actin (1:200; Boster Biological Engineering, Co., Ltd., Wuhan, China) for 1 h at 37˚C, followed by biotin-labeled goat anti-rabbit immunoglobulin (Ig) G for 20 min. After sequential incubation with Streptavidin-Biotin complex (SABC) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and DAB as substrate, the samples were counterstained with hematoxylin. Five random fields of each stained section were visualized and analyzed using morphometric software (MIAS, Beijing University of Aeronautics and Astronautics) by an investigator who was blinded to the animals' treatment status.
The proteins extracted from the liver tissues of the control and brain death groups at 2, 4, 6 and 8 h were prepared by homogenizing in RIPA buffer containing protease inhibitors (Boston BioProducts, Inc., MA, USA) followed by centrifugation at 10,000 x g for 10 min at 4˚C. Samples were stored at -80˚C until use. Protein concentrations of the lysates were determined by the BCA Assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). Proteins were then separated using 12.5% SDS polyacrylamide gel electrophoresis and transferred to a PVDF membrane (0.2 µm; Millipore, Bedford, MA, USA). The membrane was then blocked with 5% non-fat dry milk overnight and probed with primary rabbit polyclonal antibody against RUNX1 (1:500, Boster Biological Engineering, Co., Ltd.). The proteins were then detected on the blot using infrared-labeled secondary antibodies visualized in 800 nm fluorescence channels. The blot was developed and quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) following the manufacturer's instructions.
Statistical analysis. Data were expressed as the mean ± standard deviation (SD). Calculations were performed using SPSS 18.0 software. One-way ANOVA was used to compare the differences between two groups. The intergroup differences were compared with repeated measurement design. P<0.05 was considered statistically significant.
Results
Alteration of liver function. Compared with the previous group, there were obvious differences for serum ALT and AST level in each brain death group from initiation to 8 h after rabbits' brain death. Compared with the control groups, no marked changes in the ALT and AST levels were observed for the 2, 4 and 6 h brain death groups. However, a significant difference between the two groups was observed at 8 h (Fig. 1) .
The morphological alteration of liver. No obvious morphological alteration occurred for the liver cells for the control groups at 2, 4 and 6 h. However, some inflammatory cell infiltration occurred for the 8-h groups. For the brain death groups, the liver cells were almost normal in the 2-h group, while mild edema, osteoporosis and compression of the hepatic sinus part was evident in the 4-h group. Liver injuries gradually became exacerbated in a time-dependent manner. In particular, the ballooning degeneration, sinusoidal pressure, no significant hepatic cord structure, abundant periportal lymphocytic infiltration and part of focal necrosis were found in all 8-h brain death group livers (Fig. 2) .
2-DE proteomics profiling of different proteins.
Different proteins were obtained by analyzing and comparing the 2-DE-based proteomic profiling of the control and brain death group at 6 h after brain death. PDQuest 2D analysis software was employed to detect 973±34 protein spots in the control group and 987±38 protein spots in the brain death group. Results of the statistical analysis of 2-DE-based proteomic profiling revealed that there were 52 obvious different protein spots between the control and brain death group. Ten of the 52 protein spots differentially expressed in a >2-fold increase or decrease were identified by MS/MS analysis. The positions on the 2-DE-based profiling were annotated in Fig. 3 .
Mass spectrum identification and the function classification of different proteins.
Following MALDI-TOF/TOF tandem mass spectrometry analysis and the Swiss-Prot protein database search, we found that 5/10 identified different proteins were upregulated while the remaining five were downregulated. The biological associations between the alterations of identified proteins and the progression of brain death-induced liver injury were searched on the www.uniprot.org according to the individual biological and molecular functions. The major biological functions of these 10 proteins were divided into six classifications, including material metabolism (3/10) and redox regulation (2/10), energy metabolism (1/10), cell proliferation and differentiation (3/10), lipid metabolism (1/10) and detoxification (2/10) and neurodevelopment (1/10). Basic information of these proteins and their classifications are listed in detail in Table Ⅰ .
Identification and re-identifications of RUNX1 proteins.
The predicted molecular mass/isoelectric point (pI) value for RUNX1 was 49 kDa/9.08 which was suitable to the position Figure 1 . Effects of brain death at different time-points on alteration of serum glutamic pyruvic transaminase (ALT) and glutamic oxaloacetic transaminase (AST) levels (n=5). The serum ALT and AST levels in the control and brain death groups at 2, 4, 6 and 8 h after brain death were measured by automatic biochemical analyzer, separately. (A) and (B) Although a gradual increase for the brain death groups in a time-dependent manner is evident, the serum ALT and AST levels show no significant differences at 2, 4, and 6 h after brain death as compared to the control groups. However, a significant difference is evident between the brain death and control groups at 8 h. of the corresponding spot (spot 5) on the 2-DE gel. MS/MS analysis showed that RUNX1 was identified with a Mascot score of 67 and 29% sequence coverage (Fig. 4) .
Results of the immunohistochemical analysis of RUNX1 revealed that the expression of RUNX1 was decreased in a time-dependent manner in the brain death group. Additionally, the level of RUNX1 for each time-point to some extent decreased compared with the control groups (Fig. 5A) . Similarly, results of the western blot analysis revealed a gradual decrease in the brain death group at each time-point compared with control group (Fig. 5B) .
Discussion
Previously, the detailed mechanism involving the effect of brain death on the quality of the transplant donor was unclear. In their study, Van Der Hoeven et al (24) used a rat brain death model and found that brain death-induced injury is associated with apoptosis. Avlonitis et al (10) also demonstrated that brain death in rats induced an inflammatory response represented by the elevated levels of IL-6, TNF-α, neutrophil CD11b/CD18, cytokine-induced neutrophil chemoattractant (CINC)-1 and CINC-3. Similar to the establishment of the pig brain death model (25) , in the present study, a new rabbit brain death model using an intracranial progressive pressurized method was established using the biological functional system, rodent ventilator and intelligent temperature control instrument. Maintaining of continuous breathing and the monitoring of electroencephalography ensured the model was similar to the state of brain death utilized in the clinic.
Weiss et al (26) reported that significantly upregulated levels of MIP-1α, IL-4, IFN-γ, HO-1, CD3 and CD25 in brain death donor transplantation may be due to the phase of ischemic Figure 3 . Differential protein expression profile analysis of the control and brain death groups using 2-DE gels (n=5). Total protein lysates were separated by isoelectric focusing (IEF) using IPG strips (18 cm, pH 4-7) in the first dimension followed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in the second dimension. Coomassie-stained gels were analyzed using PDQuest 2D analysis software. (A) Ten of 52 differentially expressed spots were identified by MS/MS analysis (marked with arrows and numbers). (B) Local enlarged 2-DE gel images of 10 spots in brain death liver tissues (b1-10) and controls (a1-10). Figure 2 . Effects of brain death at different time-points on the morphological alteration of liver (n=5). Alterations of morphometry of liver cells stained by hematoxylin and eosin (x100) are shown in Fig. 2. (a-d) No obvious differences were evident in (a-c) at 2, 4, 6 and 8 h for the control group, whereas some inflammatory cell infiltration is evident in (d). (e-h) Morphological alterations in liver at 2, 4, 6 and 8 h for the brain death group. Liver cells were almost normal in the (e) brain death group, while mild edema, osteoporosis and compression of the hepatic sinus part were observed in the liver of the (f) group. Obvious ballooning degeneration, sinusoidal pressure, no significant hepatic cord structure, abundant periportal lymphocytic infiltration and part of focal necrosis were found in (g) and (h) of the livers of the brain death group. or isoelectric point (pI) from the UniProt database. Up, upregulated indicating protein expression is higher in brain death groups vs. control using the PDQuest analysis. Down, downregulated indicating protein expression is lower in brain death groups vs. control.
reperfusion prior to transplantation. In the present study, we have demonstrated that from initiation to 6 h after brain death, there were no obvious functional or morphological alterations ( Figs. 1 and 2) . Result of the rabbit brain death model also show that efficient information for the quality evaluation of donor livers is lacking. Thus, it appears that in early brain death, the 'traditional criteria' may not be sufficiently efficient to identify an appropriate transplant donor. The proteomics analysis identified 52 different protein spots indicating that complex pathological changes occurred in the state of brain death. Ten significantly different proteins identified were classified into material metabolism and redox regulation, energy metabolism, cell proliferation and differentiation, lipid metabolism and detoxification and neurodevelopment. The appropriate systemic physiologic changes, which are considered to be principally a manifestation of brain death affecting all organs suitable for transplantation, were presumably the result of the ischemia/reperfusion injury (8, 10, 11, 26) , followed by oxidative stress (12, 27) , apoptosis (28, 29) and inflammatory response (2, 10, 20) . Evidence suggests that brain death results in the development of a systemic inflammatory response in the donor, which can damage all organs with deleterious impact on their function following transplantation.
RUNX1 is a nucleus gene whose major functions include cell proliferation and differentiation with the activation of PKC-θ and reactive oxygen species (30) . Subsequent to the identification of the different RUNX1 protein by immunohistochemistry after proteomics and western blot analysis in the present study, we came to a primary conclusion that in addition to the development of brain death, a gradual decrease of RUNX1 expression was also induced. In other words, the expression of RUNX1 may be an indicator of the degree of brain death-induced liver injury, However, more investigations on the role of RUNX1 in brain death liver injury is required.
